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Abstract: Ribosomal protein (RP) genes locate near the replication origin (oriC) in fast-27 growing bacteria, which is thought to have been selected as a translation optimization strategy.
28
Relocation of S10-spc-α locus (S10), which codes for most of the RP, to ectopic genomic 29 positions shows that its relative distance to the oriC correlates to a reduction on its dosage, its 30 expression, and bacterial growth rate. Deep-sequencing revealed that S10 relocation altered 31 chromosomal replication dynamics and genome-wide transcription. Such changes increased as 32 a function of oriC-S10 distance. Strikingly, in this work we observed that protein production 33 capacity was independent of S10 position. Since RP constitute a large proportion of cell mass, 34 lower S10 dosage could lead to changes in macromolecular crowding, impacting cell 35 physiology. Accordingly, cytoplasm fluidity was higher in mutants where S10 is most distant S10 relocation does not cause ribosomal activity reduction at the population level. We 116 recently settled that S10 relocation impacts cell physiology in a dosage-dependent manner (19, 117 20). However, how S10 dosage reduction affects cell physiology was still unknown. The most 118 plausible explanation is that a reduction of RP levels upon S10 locus relocation affects ribosome 119 biogenesis leading to a reduction in protein synthesis. To inquire if S10 relocation impairs 120 protein production, we created strains expressing GFP by inserting gfpmut3* (29) under a 121 strong constitutive promoter into an innocuous intergenic space (Table S1 ). The direct 122 quantification of fluorescence, allows for estimation of protein production capacity in each 123 strain (30). First, we followed in time the optical density (OD) and the fluorescence signal of 124 these derivatives. We estimated translation capacity by plotting fluorescence as a function of 125 OD (Fig. 2a) . Fluorescence increased exponentially as the OD incremented (R 2 >0.99, Table   126 S2). Although the curves differed slightly between strains, there was no significant correlation 127 between S10 genomic position and GFP production (Pearson's Test, r=0.1, p=0.86). We next 128 subjected cultures of these strains to flow cytometry during the early exponential phase, when 129 S10 dosage differences among the movants are maximal. This method allows to simultaneously 130 observe the average GFP production per cell with higher sensitivity and the distribution of 131 fluorescence among the cells in the populations (Fig. 2b ). All tested strains showed similar 132 signal levels and the same distribution pattern. In sum, we found no link between GFP 133 production and S10 genomic location.
134
To confirm that these results were not due to lack of sensitivity, we used the Renilla Luciferase
135
(RL) as a reporter of protein synthesis capacity. RL detection shows higher sensitivity than GFP 136 due to lower background, higher signal amplification and a larger dynamic range, making it 137 suitable to reveal more subtle differences otherwise impossible to differentiate (31). We built 138 S10 movant strains constitutively expressing RL at high levels (Table S1 ). Again, no differences in luciferase activity arose between the parental strain, S10Tnp-35, S10Tnp-1120
140
and S10TnpC2+479 (Fig. 2c) , suggesting similar translation capacity at the population level.
141
As an alternative approach to look for differences on ribosomal activity, we measured the ribosomes increases sensitivity to these antibiotics (32). We measured MIC for Cm, Gm and Er 145 using E-tests (Fig. 1d ). All generated mutants derive from a V. cholerae strain sensitive to Er 146 and harboring Gm resistance gene ( Table S1 ). Strains that only differed in the genomic location 147 of S10, had their growth inhibited at the same Er and Gm concentrations ( Fig. 2d ) suggesting 148 no differences in ribosomal numbers. In parallel, the parental, S10Tnp-1120 and the S10Md (-149 1120;C2+479) strains harbor the Cm resistance gene (cat) linked to the S10 locus, therefore the 150 location of the resistance gene differed among them (Fig. 2d ). Cm resistance was higher in the
151
Parental strain when cat is closer to the ori1 and lower in S10Tnp-1120 and S10Md (-152 1120;C2+479) when the resistance marker is nearby the ter1 region. Hence, as in other genetic 153 systems (33), Cm sensitivity varied according to cat genomic location independently of S10 154 copy number (compare S10Tnp-1120 to S10Md(-1120;C2+479)). Therefore, even though this 155 assay is sensitive enough to capture the effects caused by differences in cat location, it showed 156 no antibiotic susceptibility differences related to S10 dosage. The lack of effects of S10 157 relocation on MIC when using any of the three different ribosome-targeting antibiotics,
158
possessing different tolerance levels, suggests that the number of ribosomes is not affected by 159 the genomic location of S10.
160
S10 genomic location causes changes in GFP synthesis capacity at the single cell level:
161
Since we did not detect differences in ribosomal activity at the population level, we measured
162
GFP production at the single cell level using Fluorescence Recovery After Photobleaching
163
(FRAP). In this assay individual cells expressing gfpmut3* were photo-bleached and followed over time for at least 5 minutes. Then, we quantified the percentage of fluorescence recovery.
165
In the parental strain, ~95% of the cells displayed a recovery of at least 20% (mean=53.8%, S10Tnp-1120 and S10TnpC2+479 (Fig. 1b) . We collected the samples in fast growing 218 conditions during exponential phase ensuring maximal S10 dosage differences, and then we 219 compared each movant's transcriptome to the one of the parental strain.
220
We first looked at the read coverage along the chromosomes, a parameter accounting for the 221 genome-wide transcriptional activity. In fast growing conditions, we observed that the 222 transcription of the ori1-region decreased as a function of the distance between S10 and ori1
223
( Fig. 3a) . replichores, which estimates the replication speed for each strain (Fig. 3c) . MFA analysis 244 revealed significant differences in replication dynamics across the strain set. The parental strain,
245
the S10Tnp+166 and the S10Tnp-35 displayed a similar slope (Table S3 ). Conversely, the most 246 affected movants, S10Tnp-1120 and S10TnpC2+479, where S10 was relocated at the termini 247 of Chr1 and Chr2, showed a significantly lower slope (p<0.01, Fig. 3b, 3c and Table S3 ). p<0.005) and µ (r=0.9, p<0.01) (Fig. S5 ). This suggests that the genomic location of S10
252
impacts DNA replication activity, slowing down replication when S10 is far from ori1. These 253 data ( Fig. 3b, 3c and Table S3 ) indicates that DNA coverage decreases at the ori1 region with 254 increasing ori1-S10 distance. This trend matched the changes in transcriptional coverage 255 observed in RNA-seq data.
256
Differentially expressed genes upon S10 relocation: We next analyzed the transcriptomic 257 data to find which genes and pathways were differentially transcribed with respect to the 258 parental strain in S10Tnp-35 and in the affected movants S10Tnp-510, S10Tnp-1120 and 259 S10TnpC2+479 ( Fig. 1b and 1c ).
260
First, using volcano plots, we analyzed the statistical significance of the changes in transcription 261 of each gene ) as a function of its transcriptional Log2 of fold change (Log2
262
(FC)) compared to the parental strain. We observed more transcriptionally altered genes with
263
higher distances between the S10 locus and ori1 (Fig. 4a ). S10Tnp-35, a strain presenting no phenotype used as a control of the neutrality of the relocation process, displayed only 8 genes 265 with significant (p<0.05) transcriptional change ( greater than 2-fold in S10Tnp-510, S10Tnp-1120 and S10TnpC2+479 respectively.
273
Meanwhile, up-regulated genes showed 2.8-fold, 1.6-fold and 1.7-fold average increases 274 respectively (Table 1 , Fig. 4b , Data Set 1). In the three movants, the down-regulated genes 275 displayed a smaller perturbation of 1.4-fold (Table 1) .
276
Most of the transcriptional alterations were found in the same genes across the S10 movants
277
( Figure 4c) . A large fraction of transcriptionally altered genes in a movant were also regulated 278 in either of the other two movants (Table S4) . Shared genes showed similar levels of 279 transcriptional change across the movants (Fig 4d and Table S4 ). For example, the degree of 280 change in altered genes of S10Tnp-510 and S10Tnp-1120 were highly correlated (r=0.927, 281 p<10 -24 ). The differentially expressed genes were not confined to specific chromosome regions 282 nor associated to a specific replicon: S10 relocation produced homogeneously distributed 283 changes in V. cholerae gene transcription (Fig. S6 ).
284
To identify the functions or metabolic pathways altered by S10 relocation, we classified V.
285
cholerae genes in 25 functional categories using the EMBL eggNOG database v.4.0 (40)(Supp.
286
Text). We then identified the categories with over or under-representation of genes with altered 287 transcription levels in S10Tnp-510, S10Tnp-1120 and S10TnpC2+479 with respect the full 288 repertoire of V. cholerae genome (Data Set 1, S10TnpC2+479, since about 65% of its genes showed higher transcription in the movants 295 (Table S5 , Data Set 1). The list of up-regulated genes was dominated by chaperones and heat- and "N, cell motility" (some fli and fla genes) ( To test this hypothesis, we measured the viscosity of the cytoplasm in the parental strain and in 323 the most affected movants, S10Tnp-1120 and S10TnpC2+479. We expected a more viscous 324 cytoplasm in the parental strain since it expresses S10 genes at higher levels generating a greater S10TnpC2+479 should have even less copies of S10 per cell and, concomitantly, display higher 332 cytoplasmic fluidity than S10Tnp-1120.
333
In the gfpmut3* crtS context (Table S1 ), the parental strain displayed a significantly longer 334 half-time recovery of fluorescence () than the movants (Fig. 5a , Supp. Text). The collected 335 data showed a high dispersion due to biological variability, however,  distribution was 336 different in the movants when compared to the parental strain ( Fig. 5b) to S10Tnp-1120 and S10TnpC2+479 movants. As depicted in Figure 6a , growth rate 354 differences between the parental strain and the movants were reduced as NaCl concentration 355 increased. Since this phenomenon could be explained by the nature of the solute of choice (e.g.
356
putative differential sensitivity to NaCl), we repeated these assays using sucrose as an 357 alternative compound. As shown in Figure 6b , results were very similar, suggesting that this 358 phenomenon depends on osmotic changes and cannot be attributed to the nature of the solute.
359
Notably, the µ of the parental strain was not significantly reduced in the range of 5 to 20 gr/L 360 NaCl (Fig. S8) . Meanwhile, the growth of movant strains varied significantly along this 361 concentration range, displaying a reduced growth at 5 gr/L and 10 gr/L and reaching its 362 maximum at 20gr/L (Fig. S8) . Consequently, growth differences observed are not due to 363 impairment of the parental strain in hyperosmotic conditions. We conclude that µ differences 364 caused by S10 relocation far from ori1 can be counterbalanced by artificially increasing 365 cytoplasmic crowding.
366
Upon S10 relocation far from ori1, we observed a lower replication speed in the movants 367 suggesting that DNA replication activity diminished, suggesting a lower replication speed in 368 the movants (Fig. 3c) and the S10Tnp-1120 and S10TnpC2+479 movants in the presence of 5 or 20 gr/L of NaCl. In 372 these culture conditions, the parental µ is unaffected. In contrast, movant strains grew 10-15% 373 slower than the parental strain but they were able to rescue the growth defect at higher NaCl of RP caused by S10 relocation (Fig. 1b) leads to lower molecular crowding (Fig. 5) , which 379 negatively impacts replication (Fig. 3b) . This fits the observation that addition of external NaCl,
380
causing water loss and thus narrowing differences in macromolecular crowding, produces more 381 similar replication dynamics between the parental and the movant strains (Fig. 6d ). near the oriC in fast growing bacteria (16, 17) . By systematically relocating S10, the main 387 cluster of RP genes (Fig. 1c) , we proved that its genomic location determines its dosage and 388 expression in V. cholerae (Fig. 1b) . S10 repositioning far from ori1 leads to larger generation 389 times, lower fitness and less infectivity (19, 20) . These effects are dependent on S10 dosage.
390
However, the mechanism explaining how RP dosage affects cell physiology was still missing.
391
The most straightforward explanation was that high RP dosage due to multi-fork replication 392 increases their expression maximizing protein biosynthesis capacity (16, 17). Our initial 393 hypothesis was that movants in which S10 was far from ori1 would have a lower translation 394 capacity, easily explaining lower growth and fitness of these movants. Surprisingly, we found 395 that in the most affected movants, translation capacity reduction could not explain the observed 396 physiological changes (Fig. 2) . We do not rule out that translation impairment may have an 397 effect in the cellular physiology, however, it must have a secondary role in the phenotypes 398 displayed in the affected movants. Slight differences in protein production between the parental 399 strain and the most affected movants could only be detected at single cell level (Fig. S1 ). The 400 movants displayed a larger proportion of assembled ribosomal subunits. This might compensate 401 putative deficiencies in the translation apparatus (Fig. 2e) . Interestingly, the S10TnpC2+479 phenotype. In sum, although dosage reduction of S10-encoded RP genes caused the observed 407 phenotypes, it is unlikely that this is a consequence of translation defects.
408
Deep sequencing techniques revealed less transcriptional activity in the region flanking ori1
409
( Fig. 3a) and lower replication velocity in the most affected movants (Figs. 3b, 3c and 6c ). Since 410 highly expressed genes that account for a large majority of transcriptional activity in the cell 411 (i.e. rrn, ribosomal protein genes, etc.) cluster at this chromosomal region, slight changes in its 412 dosage may globally impact cell physiology (4, 11) and may be responsible for the slight 413 reduction in translational activity observed at single cell level (Fig. S1 ). Meanwhile, differential expression analysis revealed that the transcriptional response is not limited to the ori1 region 415 (Fig. S6) , and encompasses a large number of genes that show slightly but consistently altered 416 transcription in the most affected movants (Fig 4) . Furthermore, the number of these genes 417 increases with distance between S10 and ori1 (Table 1 , Fig. 4a, 4b and S6 ). The latter 418 observation corresponds to biologically meaningful transcriptional changes since furthest 419 relocations caused larger perturbations (Figs. 4a and 4b ), the majority of altered genes were 420 common to the different movants (Fig 4c) , where they showed similar transcriptional changes 421 (Fig. 4d) . This strongly suggests the presence of a common mechanism that slightly affects gene (Table S5 , Data set 1). Importantly, and in line with previous data (Fig. 2) similarly.
475
Recent work shows that specific ribosomal protein genes link cell growth to replication in
476
Bacillus subtilis (60). We observed similar effects since S10 dosage correlated growth rate and 477 oriC-firing frequency (Fig. 3b, 3c , S6 and Table S3 ). In the cited study, the authors attribute 478 this effect to ribosomal function. Although in our system the effects were milder, we do not 479 rule out the possibility that S10 relocation alters cellular physiology through a reduction in 480 protein synthesis. But this effect is unlikely to account for the full magnitude of the observed 481 phenotypes (Fig. 2) that the genomic position of S10 contributes to generate the RP levels necessary to attain 502 optimal cytoplasmic macromolecular crowding. Besides connecting ribosomal gene position to 503 growth in V. cholerae, this mechanism could link ribosome biogenesis to cell cycle in bacteria.
504
During exponential phase, when RP production is maximal and ribosomes represent 30 % of 505 cell weight, crowding peaks. This leads to the highest oriC-firing frequency. Upon nutrient 506 exhaustion, ribosome production is reduced, the cytoplasm macromolecular crowding 507 diminishes, slowing down replisome dynamics. This scenario, which is beyond the scope of our 508 study, deserves to be tested in other model microorganisms.
509

Materials and methods:
510 General procedures. Genomic DNA was extracted using the GeneJET Genomic DNA
511
Purification Kit while plasmid DNA was extracted using the GeneJET Plasmid Miniprep Kit
512
(Thermo Scientific). PCR assays were performed using Phusion High-Fidelity PCR Master Mix (Thermo Scientific). Strains and plasmids used in this study are listed in Table S1 . OD600nm every 5 minutes at 37°C on maximum agitation. Growth rate was obtained using a 519 custom Python script coupled to the Growthrates program (68).
520
Protein production capacity: For estimating GFP production we performed V. cholerae and directly measured using the Renilla Luciferase Assay System (Promega).
530
Ribosome profiling: Ribosomal 70s, 50s and 30s species from the indicated V. cholerae strains 531 were isolated as previously described (69, 70) . Early exponential phase cultures (OD450nm~0.2)
532
were harvested by centrifugation. Subsequent steps were performed at 4°C. The pellet was 533 resuspended in ice-cold Buffer A (20 mM HEPES pH 7.5, 50 mM NH4Cl, 10 mM MgCl2, 5 534 mM β-mercaptoethanol, 0.1 mM PMSF) in the presence of Ribolock (Thermo Fisher 535 Scientific). DNase I was added up to 2 µg/mL and kept for 20 min at 4°C. Cells were lysed by 536 two passes at 11,000-15.000 psi using Emulsiflex. Cell debris were removed by two 537 centrifugation steps at 30,000g for 30 min. Then 0.8 mL of Cold 60% sucrose buffer A was 538 added to RNAse-free 5 mL Ultraclean tubes for ultracentrifugation in a SW55Ti (Beckman).
539
The ribosome-containing supernatant was used to fill these tubes and an ultracentrifugation step dots, respectively. The orange arrow represents S10 displaying its genomic position and ploidy.
798
The dashed line represents the S10 location in the parental strain. Chromosomes are drawn 799 according to their replication timing.
800
Figure 2: S10 genomic location does not impact ribosome function at the population level.
801
a) The GFP expression and OD600nm of the indicated gfpmut3 + strains (Table S1) (Table S1 ) were grown until early exponential phase. S10Tnp-35 (turquoise), S10Tnp-510 (green), S10Tnp-1120 (red) and S10TnpC2+479 (blue). 
